Purpose The management of calcaneal fractures remains challenging and often controversial. Open reduction and internal fixation with a lateral plate has been established as a standard therapy for displaced articular fractures. However, accurate subtalar joint reduction, while mandatory, is difficult to achieve, requires an extensive lateral approach, and clinical results may not be up to the difficulty of the task. Methods We present a treatment using a percutaneous approach and local balloon reduction followed by polymethyl-metacrylate fixation. This technique was used in four patients presenting articular subtalar fractures with displacement.
Introduction
Calcaneal fractures are a challenging clinical problem due to the complex anatomy of the os calcis, the frequent subtalar joint involvement and frequent articular displacement [1, 2] . Open reduction and internal fixation with a lateral plate has been established as a standard therapy [3] . However, surgery is difficult and is plagued with potential problems such as skin necrosis, imperfect reduction and subtalar osteoarthritis [3, 4] . Satisfactory reduction can be obtained using less invasive, percutaneous techniques. However, reduction remains difficult and fixation precarious, necessitating multiple screws and multiple incisions [5, 6] .
Following numerous attempts to understand the pathophysiology and outcome of these injuries, starting with Essex-Lopresti in 1950 [7] , Sanders et al. designed a classification [8] centered exclusively on the posterior thalamic articular surface involvement and its characteristics. Involvement of the posterior thalamic joint is seen in approximately 80% of cases and is a strong predictor of the eventual clinical outcome. However, the extent of the displacement is not taken into account in the Sanders classification. The thalamic fragments are displaced vertically and impacted in the neutral zone at the time of impact [9] [10] [11] , and surgery aims at reducing the joint fragments and bringing them back into contact with their subtalar counterparts. We looked for a way to provide reduction of these fragments in a simpler and more effective fashion than the open procedure or closed manipulation techniques. Having an extensive experience in kyphoplasty and vertebroplasty techniques in the spine, and confident that such techniques can be used to achieve adequate reduction, as confirmed by the literature [12] , we tried to extend its use to the calcaneal fracture patients by using a percutaneous balloon reduction technique similar to that used in vertebral compression fractures. Bano et al. [13] , in 2009, published one case treated by a percutaneous technique including a double lateral approach in order to reduce the thalamic surface and the shape of the os calcis, with an excellent outcome. Gupta et al. [14] , in 2009, reported three cases using a technique very similar to the one we used, with a good outcome, albeit the indications were different and the follow-up very limited. The technique we used was designed to reduce the thalamic surface percutaneously and to restore the shape of the bone.
Materials and methods
From 2006 to 2007, four patients aged 26-53 years, all of them female, were operated upon for displaced calcaneal fractures with subtalar joint involvement. Details of the different cases are shown in Table 1 . Cases were operated upon from two to nine days after the trauma. Reduction of the fracture was assessed postoperatively using CT in all cases. Reduction was deemed satisfactory in all cases with articular defects being less than 1 mm in all planes.
Technique
Reduction and fixation of the subtalar surface was achieved using four successive operative steps:
1. Percutaneous reduction with inflation of a balloon ideally placed just under the thalamic fragments ( Fig. 1 ). 2. Percutaneous temporary pin fixation of the plantar cortex of the calcaneus in case of a plantar cortical fracture ( Fig. 1 ). 3. Transcutaneous stabilisation of the lateral cortex using plastic slabs applied laterally to the heel, just under the lateral malleolus, and tightened with a bone clamp. This allows inflation of the balloon under the articular surface to provide reduction without widening the calcaneus bone laterally, and to provide relative stability of the reduction when the balloon is extracted and the bone cement inserted into the calcaneus, by tightening the lateral fragment together with the thalamic fragment. However, this was used in one patient only as a way to improve the anatomical result. 4. Percutaneous insertion of polymethyl-metacrylate cement.
The cement is the same as that used in vertebral balloon reduction; achieving a high viscosity before insertion is mandatory to avoid any intra-articular leak during insertion.
The operative procedure was as follows. The patient received either general or regional anaesthesia and was positioned prone, with the operative foot positioned loosely over the end of the table. The contralateral limb was positioned in a slightly lower position to allow easy lateral fluoroscopy visualisation of the injured limb, or positioned with the knee flexed for the same purpose. Two C-arms were positioned in a lateral and frontal way to obtain orthogonal images. The frontal image intensifier was positioned at a 45°angle with the horizontal plane in order to obtain a retro-tibial view in line with the subtalar joint and allow visualisation of the subtalar fragments during reduction. The skin was prepared and the entire foot was draped in sterile sheets on top of the fluoroscopy devices.
The main skin entry point was located in the posterior aspect of the heel. An 11-gauge bone needle was inserted into the calcaneus bone and a K-wire placed into the fracture through the needle. The tip of the wire was inserted into the fracture line just under the thalamic fragments. In case of a plantar cortical fracture, K-wires were driven percutaneously into the plantar cortex starting from the posterior lower aspect of the heel. Two wires were sufficient to achieve enough stability for our purposes. The wires were placed to act as a floor to provide support at the time the balloon was inflated and to direct its effect vertically towards the thalamic articular fragment. The balloon was then inserted and inflated. A pressure of 250 psi and an injected volume of at least 4 mL were usually necessary to obtain any reduction, depending on the age of the fracture. Migration of the thalamic fragment upwards to the inferior aspect of the corresponding surface of the talus was observed on the image intensifiers. Inflation was stopped when the reduction did not improve regardless of how much more pressure was applied. Stabilisation of the lateral cortex was useful at this point in order to prevent lateral displacement and possible impingement on the lateral malleolus or peroneal tendon sheath. Compression using two laterally placed plastic slabs on each side of the heel, held together with a large bone clamp, achieved this. It further stabilised the fracture when the intracalcaneal balloon was extracted in order to introduce the bone cement. The cement injection device was introduced through the cannula and cement was injected slowly under anteroposterior and lateral fluoroscopy control. Bone cement had to be thick enough to prevent any leakage through the fracture lines into the subtalar joint. An amount of 4-6 mL, necessitating the use of two to four bone injection devices, was typically used. The injection cannula and wires were extracted and the skin closed using absorbable sutures. The use of oxyl-2 cyanocrylate on the skin eliminated the need for any other dressing. The foot was maintained postoperatively in an elevated position for 24 hours and mobilisation was started immediately. Weight bearing was delayed until bony union was expected, i.e. two to three months. Early weight-bearing could theoretically be allowed with this technique, but we have no experience of this so far.
Series
Four consecutive cases were treated using this technique with a follow-up of three years or more. All were female.
The mean age was 40.5 years. The procedure was performed after a mean of six days after the trauma.
First case
A 29-year-old female working as a bartender suffered a right displaced calcaneal fracture with subtalar involvement and a vertical displacement of the subtalar fragment following a fall on the heel from a flight of stairs (Fig. 2a) . X-ray films and CT scan showed an additional fracture of the plantar cortex. The fracture was a "tongue type" and was classified as a type IIC according to Sanders et al. The procedure was performed two days after the injury with no particular difficulty. The control postoperative CT scan showed reduction of the vertically displaced thalamic fragment up to the subtalar joint level (Fig. 2b) . Swelling subsided two days after the procedure; pain decreased markedly postoperatively and any pain had disappeared after eight days. Early mobilisation was begun and weight-bearing was delayed until two months after the fracture. The patient resumed full-time employment in the same occupation three months after the accident, with no pain except for slight occasional weather-related discomfort. Full function and freedom from pain are maintained after three years of follow-up (Fig. 2c) .
Second case
A 53-year-old female was admitted following a fall from a five-foot ladder at home, presenting with a displaced Sanders IIIBC left calcaneal fracture with slight comminution (Fig. 3a) . The procedure was performed in the same way nine days after the accident. Reduction of the thalamic fragments was obtained up to the subtalar joint (Fig. 3b) and mobilisation started the day after the procedure. The patient returned to work as a self-employed fashion designer after only 15 days. Full weight-bearing was allowed only two months after the operation, with no pain and mild swelling initially. Full function and absence of pain are maintained three years after the procedure.
Third case
A 54-year-old female working as an administrative manager was admitted after a fall from a four-foot ladder at home with a right Sanders type IIA fracture (Fig. 4a, b) . The procedure was performed five days after admission. Reduction of the thalamic fragment was obtained, although the CT scan showed a slight widening of the thalamic fracture site (Fig. 4c) . Also, slight leakage of bone cement in the heel's soft tissue appeared on the radiographs. The patient resumed full weight-bearing three months after the procedure and work after five months. Local pain due to inflammation of the fibular tendons' sheath was experienced after three months but subsided after two local steroid infiltrations were performed. Full function is maintained three years after the procedure with no residual pain. Cement leakage in the heel had apparently no consequences.
Fourth case
A 26-year-old female working as a manager in a private company experienced a fall in a swimming pool while on vacation and was admitted with a left Sanders type IIB fracture (Fig. 5a ). The procedure was performed eight days after the fracture. Postoperative CT scan showed thalamic reduction with a slight widening of the calcaneal body (Fig. 5b) . Pain and swelling subsided after eight days. The patient returned to work six weeks later with crutches and full weight-bearing was allowed after two months. No residual pain is present after three years after the procedure and the patient resumed all social activities including dancing. The patient says she can dance with no pain and can walk with high heels for up to two hours.
Results
After two years of follow-up, no patient required further surgical treatment and none has evident radiographic subtalar joint space narrowing as a sign of arthritis. All patients Table 1 . Range of motion of the subtalar joint at the different time points is shown in Table 1 .
Discussion
The standard procedure for calcaneal fractures has been open reduction followed by internal fixation for a number of years [15] . The technique is difficult and accurate reduction is clearly a major factor in the functional result [16] . Additional factors depend on the patient (i.e. workrelated and workers' compensation status) [17] and the fracture type, with open fractures carrying a worse prognosis. Operative reduction and fixation has been likened to "nailing a custard pie to the wall" [7] , and was initially strongly discouraged until modern fixation techniques and suitable devices were developed. Even then, operative open reduction and fixation requires an extensive approach and much surgical skill. This may render the technique difficult should any soft tissue involvement be present; and complications [18] due to the surgical approach are not uncommon in clinical practice [19] .
The aim of the operative technique is to achieve perfect reduction. This is a difficult task that is achieved only in some cases, even in trained hands, as can be inferred from the literature [20] . Approximately 80% of cases obtain the required perfect reduction in series with numerous cases treated by experienced surgeons. Cases where less-thanperfect reduction is obtained clearly develop inferior outcomes that bring into question the surgical indication [21] .
Percutaneous reduction and fixation techniques were described as a means to obviate the need for dissection, with extensive additional damage to the tissues and the peroneal tendon sheath [22] . Satisfactory reduction can be obtained using these techniques. However, reduction remains a difficult goal and fixation is precarious, necessitating multiple screws and thus multiple incisions [5, 6] . The learning curve for these techniques is steep, with unsatisfactory results being difficult to manage and ultimately a number of patients needing subtalar fusion as a salvage procedure.
Percutaneous reduction techniques using balloons inflated with contrast medium as a means of reduction have been used for a number of years in the spine [12] , initially as a treatment of osteoporotic fractures and more recently in the setting of acute traumatology [23] . The technique is of widespread use in many countries and is gaining momentum, although two recent studies claimed it is no better than sham surgery [24, 25] . The balloon was designed to provide upward lifting of the vertebral endplate in the context of a vertebral body compression fracture. This may be achieved completely, mainly in acute fractures, and provides accurate reduction. The underlying rationale for lifting the vertebral plateau in a vertebral compression fracture and providing immediate fixation through the use of cement is not unlike that of a calcaneus fracture, where an articular surface is smashed into the bone and the best treatment option is to provide as good a reduction as possible. We applied the principles of percutaneous balloon reduction to the treatment of calcaneal fractures as a technique for reduction and fixation in four cases with subtalar articular involvement and herein describe the technique and outcome of these patients. The series demonstrates the feasibility of percutaneous reduction using solely balloon reduction and cement injection. This was controlled by performing a CT scan examination postoperatively in all patients. We also describe additional manoeuvres that allowed us to obtain a better reduction peroperatively. This description of a new percutaneous technique has several limitations: it is a small series that includes no patient with factors associated with a poor outcome, all of them were female, and there was no history of heavy physical work and no workers' compensation history.
Reduction was achieved in a satisfactory fashion in all cases. Thalamic surface fragments were lifted in contact with their subtalar counterpart in all cases and remained at this anatomical site as maintained by the polymethyl metacrylate bone cement. In some cases, a slight widening of the vertical fracture site was observed, as the balloon is designed to provide expansion in all directions and not only vertically to provide the reduction. Further improvements, such as maintaining the heel between plastic slabs under compression at the time of expansion, were implemented with success. However, this clearly remains a concern that should be addressed in further refinements of the technique. In any case, good clinical and radiological results were maintained for three years after the procedure with no additional surgical intervention. This suggests that the reduction that was rated as satisfactory on initial radiographs translated into an adequate restoration of the subtalar joint.
The cement we used was a polymethyl-metacrylate compound largely used in vertebral reduction techniques. Its clinical properties are well known and include an important haemostatic effect as well as immediate analgesic properties observed immediately in the vertebral setting, due to the denervation caused by the exothermic polymerisation. This effect was observed in our series, showing a very fast postoperative recovery and an excellent analgesic effect. The effect persisted after healing of the fracture with no patient showing limping or residual pain two years after the procedure.
The rationale for inserting methyl-metacrylate cement in a fracture site in young patients may be questioned. Clearly, excellent bone reduction and immediate fixation was obtained in all cases with minimal soft tissue damage. The biocompatibility of the polymethyl-metacrylate has been shown for over 50 years in the joint replacement setting and shows no long-term adverse effects [23] . Furthermore, cement augmentation has been used in conjunction with open reduction and internal fixation in at least one series with excellent results and no complication due to the cement [26] . However, cement injection may pose a risk should postoperative infection happen. In this case, extraction of the cement would be difficult and necessitate an extensive approach. This is, however, a theoretical risk. This concern should be addressed with the patient before the procedure. Use of bioadsorbable phosphocalcic cement may be an interesting alternative, although the biomechanical properties of the currently available compounds are much weaker than that of regular methyl-metacrylate cement.
Calcaneal fractures are a challenging problem and a number of patients have poor outcomes, even with the best techniques currently available. That is why we felt that new methods of reduction and fixation should be developed and may be of value. We remain aware that describing an application in a small series of patients without risk factors associated with a bad outcome assesses only the feasibility of the technique, and that the end-results after three years after the procedure, even if very satisfactory, are to be evaluated on a larger cohort. However, the technique provided an excellent outcome in all cases that was maintained at the latest follow-up.
Conclusion
A two-year follow-up in a limited series showing excellent outcome suggests that percutaneous balloon reduction and cement fixation of calcaneal fractures may be a promising technique that may be proposed in cases with closed fractures as a primary reduction and fixation tool. We are working on further developments to improve the technique.
